To understand better the annual cycles of atmospheric humidity, radiosonde data were used to create climatologies of temperature, dew point, relative humidity, and precipitable water in the lower troposphere for 56 locations around the world for the period 1973-1990. On the basis of the annual ranges of relative humidity at the surface and at the 850, 700, and 500 mbar levels and the ratio of the annual maximum to minimum surface to 500-mbar precipitable water, we have defined five humidity regimes: (1) middle-and high-latitude continental, (2) middle-and high-latitude oceanic, (3) midlatitude monsoon, (4) tropical oceanic, and (5) tropical monsoon. For each regime we describe the annual cycles of temperature and humidity variables and discuss phase relationships among them. Relative humidity ranges are small in the first two regimes, where precipitable water and temperature vary in phase. Relative humidity ranges in the other three regimes are moderate to large, and in the tropics the annual march of horizontal moisture advection and vertical convection, not temperature, controls seasonal humidity variations. These results suggest that the assumption of constant relative humidity made in some climate models is not always justified and that precipitable water is not a strong function of temperature in the tropics.
INTRODUCTION
As a foundation for understanding long-term change in water vapor and related processes, the annual cycle of humidity must be understood. Investigations of the water vapor-greenhouse effect feedback [e.g., Rind et al., 1991; Raval and Ramanathan, 1989 ] used seasonal and geographic variations as surrogates for long-term change. These studies employed satellite water vapor and radiation data, respectively, and the shortness of the satellite record did not allow testing the assumption that seasonal and spatial changes reveal patterns of long-term change. Surprisingly, there are few studies in the literature of the observed annual cycle of humidity above the surface. A few early investigators [Reitan 1960a, b; Bannon and Steele, 1960; Tuller, 1968] used radiosonde observations to characterize seasonal variations in precipitable water (PW) but did not consider other measures of water vapor or their vertical profiles. Later work showed seasonal variations in specific humidity [Rasmusson, 1972; Peixoto et al., 1981; Peixoto and Oort, 1983; Oort, 1983] but was based on radiosonde data that were (1) taken before 1973, which are known to be of poor quality relative to more modern measurements, (2) gridded or zonally averaged, which is likely to mask local variability in humidity, or (3) compiled into monthly means, which cannot be used to derive supplemental humidity variables without introducing bias [Elliott and Gaffen, 1991] .
Using microwave observations from the Nimbus 7 satelCopyright 1992 by the American Geophysical Union. network described and used by Angell and Korshover [ 1983] for analysis of tropospheric and stratospheric temperature. However, Elliott et al. [1991] identified some problems with the original 63-station set for the analysis of humidity data. Thirty-nine of the 56 stations used here have very few missing data, at least for one observation time per day. The other 17 were included to give reasonable global representation of climatic zones, even though they could not be used for the full 18 years.
The radiosonde report includes temperature (T) and dew point depression at all levels, geopotential height of mandatory levels, and surface pressure and pressure of other significant levels. These were converted to dew point (Td) and relative humidity (RH) at each level and precipitable water (PW) in the surface to 850 mbar (PWs^8) and surface to 500-mbar (PWs^5) layers. Precipitable water is a measure of column water vapor content and is the integral between two pressure levels (p• and P2) of specific humidity (q): PW= q dp
where t7 is the gravitational acceleration. Because of the known poor performance of radiosonde hygristors in cold, dry environments, and because almost all of the water vapor in the atmosphere is in the lower troposphere, no data above 500 mbar were used. Details on data quality control are given by Gaffen [1992] . For each station, observation time (0000 and 1200 UT), and variable, monthly means were calculated from the daily data. To characterize the mean annual cycles, the 18 years of monthly means were averaged to obtain long-term monthly means.
To measure the amplitude of the annual cycles, the ranges of monthly mean RH were computed as the difference between the maximum and minimum long-term monthly PW ratio is the ratio of the maximum to minimum monthly mean values of surface to 500-mbar precipitable water. RH range is the difference between maximum and minimum monthly mean relative humidity, evaluated at the surface and at the 850, 700, and 500 mbar levels. Table 2 .
*
In the remainder of this section we describe additional features of these humidity regimes and show an example of each. Where available, we show nighttime data because in the middle-and high-latitude continental and mid-latitude monsoon regimes, daytime surface RH is often more variable than RH aloft or than surface RH at night. (The influence of the land surface as a source of moisture, and the possibility of evaporation being less than its potential value, probably accounts for this daytime variability in surface RH in these two regimes.) Therefore we relied more on nighttime than on daytime surface RH variability to determine a station's water vapor regime, although some stations, particularly in the tropics, have only daytime observations.
Middle-and High-Latitude Continental Humidity Regime
The middle-and high-latitude continental (MC) humidity regime is characterized by a pronounced annual cycle in PW and small variations in RH. Munich, Germany, is a good example of the MC regime (Figure 2 (in absolute magnitude) than that of T (e.g., at Rio de Janeiro, Figure 4) . Thus the advection of moisture (as measured by Td) by the monsoon circulation is more significant than thermal (T) advection for determining RH variations at both tropical and mid-latitude monsoon stations.
DISCUSSION
Examining the annual march of RH at stations around the globe reveals different patterns at different locations. In middle and high latitudes, RH is approximately constant throughout the year, except at locations influenced by monsoon circulations. But in low-latitude regions, horizontal and vertical moisture advection, combined with low-amplitude changes in T over the course of the year, allows for substantial seasonal variation in RH. This is especially true above the PBL, which highlights the need for analysis of humidity measurements above the surface.
The annual cycles of PW are consistent with the RH patterns. In middle and high latitudes, PW follows T. In the tropics, however, the annual cycle of PW is more closely related to midtropospheric RH variations than to T variations and reaches maximum values during the local rainy season when deep convection is strong. Our results for the troposphere below 500 mbar are qualitatively consistent with RH variations at higher levels measured by satellites [van de Berg et al., 1991; Chiou et al., 1992] , that is, larger variations in the tropics than at mid-latitudes. While these five regimes are quite clearly delineated in our 56-station data set, future work will establish whether they are sufficient to characterize the annual cycles of tropospheric humidity globally.
The existence of distinct humidity regimes suggests that a single set of assumptions above the vertical structure of humidity, and its seasonal variations, should not be applied globally. One-dimensional climate models need to distinguish between tropical and mid-latitude and between continental and oceanic atmospheres not just in terms of temperature profiles but also in terms of humidity profiles. Our results can also help to evaluate three-dimensional climate model simulations of the global climatology of tropospheric water vapor.
If one wishes to draw analogies between long-term changes in climate and seasonal variations in the present climate, the assumption that PW will increase as T increases and RH remains constant might be valid at some middle-and high-latitude locations. However, it cannot be supported in tropical regions at least at individual stations.
